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ABSTRACT
Nucleotide sequence variation at the Acp29AB gene region has been surveyed in Drosophila melanogaster

from Spain (12 lines), Ivory Coast (14 lines), and Malawi (13 lines) and in one line of D. simulans. The
z1.7-kb region studied encompasses the Acp29AB gene that codes for a male accessory gland protein and
its flanking regions. Seventy-seven nucleotide and 8 length polymorphisms were detected. Nonsynonymous
polymorphism was an order of magnitude lower than synonymous polymorphism, but still high relative
to other non-sex-related genes. In D. melanogaster variation at this region revealed no major genetic
differentiation between East and West African populations, while differentiation was highly significant
between the European and the two African populations. Comparison of polymorphism and divergence
at synonymous and nonsynonymous sites showed an excess of fixed nonsynonymous changes, which
indicates that the evolution of the Acp29AB protein has been driven by directional selection at least after
the split of the D. melanogaster and D. simulans lineages. The pattern of variation in extant populations of
D. melanogaster favors a scenario where the fixation of advantageous replacement substitutions occurred
in the early stages of speciation and balancing selection is maintaining variation in this species.

A ratio of nonsynonymous to synonymous diver- melanogaster and D. simulans is the Ka/Ks ratio signifi-
gence (Ka/Ks) significantly higher than one has cantly higher than one. For the Acp26Aa gene, which

been considered good evidence of positive selection codes for a male accessory gland peptide that stimulates
driving protein evolution. The first genes for which such egg laying in mated D. melanogaster females during the
a pattern was found were those encoding proteins that first postmating day (Herndorn and Wolfner 1995),
mediate self vs. nonself recognition, such as some genes this ratio is highest and close to one (Aguadé et al.
of the major histocompatibility complex (MHC) in 1992). When the more distantly related species of the
mammals (Hughes and Nei 1988, 1990) and self-incom- melanogaster group, D. yakuba and D. teissieri, were com-
patibility alleles in Solanaceae (Clark and Kao 1991). pared to D. melanogaster and D. simulans, this gene
Also some proteins involved in gamete recognition in showed a Ka/Ks ratio significantly higher than one
marine invertebrates, such as sperm lysin in abalone (Tsaur and Wu 1997).
(Lee and Vacquier 1995) and sperm bindin in sea Comparison of polymorphism and divergence at non-
urchins (Metz and Palumbi 1996), appeared to be synonymous and synonymous sites (McDonald and
driven by positive selection. Kreitman 1991) has proved to be more powerful to

In Drosophila some proteins involved in sexual repro- detect adaptive protein evolution in closely related spe-
duction, such as those mediating gamete recognition cies than comparison of nonsynonymous (Ka) and syn-
or sperm competition, seem to evolve relatively rapidly. onymous (Ks) divergence. It has allowed detection of
Civetta and Singh (1998) found that when closely positive selection for the Acp26Aa gene in the D. melano-
related species of Drosophila (D. melanogaster and D. gaster-D. simulans comparison (Aguadé 1998; Tsaur et
simulans) were compared, sex-related genes presented al. 1998). However, this approach has not revealed a
a high nonsynonymous to synonymous nucleotide sub- significant excess of nonsynonymous fixed changes for
stitution ratio relative to other genes. They argued that other genes that are also expressed in the male repro-
this high ratio was a result of directional selection and ductive tract and whose products are transferred to
proposed that a burst of amino acid replacement substi-

the female as part of the seminal fluid: the Acp26Ab
tutions accompanied the early phases of speciation.

(Aguadé 1998; Tsaur et al. 1998), Acp70A (Cirera andHowever, when the individual genes in that study are
Aguadé 1997), and Est-6 (Karotam et al. 1993) genes.considered, in none of the comparisons between D.

In the present study nucleotide polymorphism and
divergence have been analyzed at the Acp29AB gene
(Wolfner et al. 1997), which is a male accessory gland
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Heights, IL). After excess dye-terminators were removed bytransferred to the female during mating (O. Lung, U.
ethanol precipitation, the sequencing product was separatedTram and M. F. Wolfner, personal communication).
with an ABI 377 automated DNA Sequencer (Perkin-Elmer).

Given that variation at this gene was associated with the For each of the D. melanogaster lines, 20-nucleotide-long
ability of males to resist displacement by subsequent primers (59AAAGAAGATGCCCTGGGATA39 and 59GATGG

CCGAGAGCAGAAGTT39) were used to amplify by PCR ansperm, the protein could be involved in sperm competi-
z1.8-kb region encompassing the Acp29AB gene and its 59tion (Clark et al. 1995). Unlike other Acp genes that
and 39 flanking regions. Primers (17 nucleotides long) spacedshowed a similar association with sperm competition in
on average 350 nucleotides were used to sequence the purified

Clark et al. (1995), single strand conformation poly- PCR products as described above. The D. melanogaster primers
morphism (SSCP) analysis revealed only two variants at were used to amplify by PCR the homologous region of
the Acp29AB region studied in the two samples from D. simulans; in this case, however, the z1.8-kb region was

amplified in two overlapping fragments. The sequences newlyNorth America.
reported in this article have been deposited in the EMBL se-The z1.7-kb region studied includes the previously
quence database library under accession nos. AJ240513–sequenced Acp29AB gene (Wolfner et al. 1997) and a AJ240552.

newly sequenced fragment of both its 59 and 39 flanking Sequence analysis: The SeqEd program (Perkin-Elmer) was
regions. Nucleotide variation at this region has been used to assemble and align the sequences and also to check

all variable sites. The MacClade version 3.0.6 program wasstudied in samples from one European and two African
used to edit the sequences for further analyses (Maddisonpopulations of D. melanogaster and one line of the sibling
and Maddison 1992). The DnaSP version 2.92 programspecies D. simulans. Different subsamples of the same
(Rozas and Rozas 1997) was used for most intraspecific and

D. melanogaster populations had been surveyed for varia- some interspecific analyses.
tion at the Acp26Aa and Acp26Ab gene regions (Aguadé
1998), and they showed high levels of both synonymous
and nonsynonymous variation in those genes. To test RESULTS
whether, as in the case of the Acp26Aa gene, the Acp29AB

Sequencing of the 59 and 39 flanking regions of thegene had been subject to strong positive selection, we
Acp29AB gene: Sequencing of the 59 flanking regioncompared nonsynonymous and synonymous variation
revealed that the Acp29AB gene lacks a consensus TATAin the coding region within and between species and
box. Also, the promoter region of this gene did notalso silent/synonymous variation across the region
present either the decamer (AATGCAAAAT) or thestudied.
octamer (ATTGCAAT) motifs described for other genes
expressed in male accessory glands (DiBenedetto et al.

MATERIALS AND METHODS 1990; Simmerl et al. 1995). The 59 flanking region had a
high AT content (68%) and TTT was the most commonDrosophila stocks: Twelve isofemale lines collected in Mont-
trinucleotide (9.2%). No open reading frame longerblanc (Spain) in 1993 were isogenized for the second chromo-

some upon arrival in the laboratory by the corresponding than 100 residues was detected in this 59 region, while
series of crosses with a balancer stock. A subsample of 14 lines one at least 131 residues long was detected at the 39
from Lamto (Ivory Coast) and 13 lines from Malawi, kindly

flanking region. This open reading frame presumablyprovided by M. Veuille and V. Bénassi (see Bénassi et al. 1993;
extends beyond the region sequenced in this study, butBénassi and Veuille 1995), were used in the present study.

African lines were used as previously described (Aguadé 1998) no consensus promoter signals were associated with this
except that the deficiency Df(2L)TE29Aa-11, which covers cyto- putative reading frame. Both the 59 and 39 flanking
logical positions 28E4 to 29C1, was used to obtain individuals regions are considered a priori as noncoding in the fol-
hemizygous for the wild Acp29AB locus. The D. simulans line

lowing analyses.used for the interspecific analysis was collected in Montblanc
Nucleotide polymorphism: In the Ivory Coast popula-(Spain) in 1993 and was sibmated for 10 generations upon

arrival in the laboratory. Individuals of the D. melanogaster and tion, unlike in the other two studied populations, the
D. simulans lines from Montblanc were frozen one or two In(2L)t inversion is present at a very high frequency
generations after isogenization. (73% as reported in Veuille et al. 1998). Although inDNA extraction, PCR amplification, and sequencing: DNA

the present study 11 of the 14 lines analyzed carriedfrom the mst319.5 plasmid that includes the Acp29AB gene
this inversion (M. Veuille, personal communication),(Wolfner et al. 1997) was kindly provided by M. F. Wolfner.

Genomic DNA from D. melanogaster and D. simulans was ex- lines were not separated according to gene arrange-
tracted from 1 or 10 adult flies by a modification of protocol ment. The reason is that the Acp29AB region is located
48 in Ashburner (1989). rather centrally in the region affected by the inversion,Primers T3 and T7 from the pBluescript (Stratagene, La

and no genetic differentiation between inverted andJolla, CA) vector polylinker were used to amplify by PCR the
noninverted chromosomes was found when differentinsert of plasmid mst319.5 (Wolfner et al. 1997). The flanking

regions (z650 and 550 bp in each direction) were sequenced subsamples of this same population were surveyed for
by primer walking, which started in the coding region. The variation at other regions also located in central posi-
PCR product was purified with a Qiaquick column (QIAGEN, tions of the inversion (P6 or Fbp2, Bénassi et al. 1993;Chatsworth, CA) and cycle sequenced using fluorescent di-

Acp26A, Aguadé 1998).deoxy terminators according to the manufacturer’s instruc-
tions (Perkin-Elmer, Norwalk, CT; Amersham, Arlington Figure 1 summarizes the distribution of nucleotide
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Figure 1.—Nucleotide polymorphisms at the Acp29AB gene region in three natural populations of D. melanogaster. Polymorphisms were numbered according to the
sequence in Wolfner et al. (1997). Lines from Montblanc (Mo), Lamto (La), and Malawi (Ma) are presented sequentially. The thick-bordered box above the sequence
information represents the amino acid coding region and the thick line the leader and trailer regions. Dots represent the same nucleotide as in the first sequence and
asterisks indicate singletons. n, nonsynonymous; d, deletion. Complex mutational events that include both nucleotide changes and indels are shaded.
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TABLE 1

Nucleotide polymorphism

Coding

59 Syn Nsyn 39 Total silent

No. of sites 533 145 557 429 1107
Total

S 37 15 6 19 64
p 0.0135 0.0319 0.00292 0.0085 0.0130
u 0.0147 0.0245 0.00255 0.0099 0.0137
K 0.1084 0.2386 0.07815 0.0769 0.1132

Montblanc
S 15 10 3 6 36
p 0.0093 0.0199 0.0023 0.0038 0.0093
u 0.0093 0.0229 0.0018 0.0046 0.0100
K 0.1099 0.2376 0.0791 0.0787 0.1145

Lamto
S 25 12 4 14 51
p 0.0115 0.0347 0.0027 0.0100 0.0138
u 0.0132 0.0261 0.0023 0.0096 0.0134
K 0.1194 0.2853 0.0773 0.0837 0.1246

Malawi
S 25 13 5 13 51
p 0.0134 0.0358 0.0027 0.0079 0.0141
u 0.0135 0.0290 0.0029 0.0092 0.0138
K 0.1146 0.2881 0.0784 0.0782 0.1204

Syn, synonymous; nsyn, nonsynonymous; silent, silent in noncoding regions and synonymous in coding
regions; S, p, and u refer to the number of segregating sites, nucleotide diversity (Nei 1987), and the Watterson
parameter or expected nucleotide heterozygosity (Watterson 1975), respectively; K is the number of nucleo-
tide substitutions per site, or nucleotide divergence between D. melanogaster and D. simulans, corrected according
to Jukes and Cantor (1969).

sequence variation in the 1664-nucleotide region stud- Fu and Li tests (Fu and Li 1993) detected any departure
from neutral expectations in any of the populationsied (excluding alignment gaps), including only 244 nu-

cleotides of the detected 39 open reading frame. A total studied when the complete region was considered (re-
sults not shown).of 77 nucleotide and 8 length polymorphisms were de-

tected. All length polymorphisms (not shown) were in Population differentiation as revealed by variation at
the Acp29AB region was analyzed, considering the com-noncoding regions. Four of these polymorphisms were

single-base indels associated with runs of at least eight plete region and its different functional parts (Table 2).
The comparison between the two African populationsT’s or eight A’s and could be an artefact of the Taq

polymerase; however, no such variation was detected in showed the lowest Fst estimates, and although there was
generally marginal statistical significance, in one casetwo similar runs of A’s present in the coding region.

Two other single-base indels can be considered part of there was greater statistical support for differentiation
(P 5 0.014). However, the sample from Montblanccomplex mutations: TAAT to GAGTG and GTT to

TAAA, starting at positions 2117 and 271, respectively. showed in all cases a significant differentiation from the
African samples.The remaining two indels were 11 (see discussion) and

3 bp long. The Acp29AB gene is located in a region of high
recombination (Kliman and Hey 1993). In the z1.7-Table 1 gives the estimates of nucleotide variation for

the whole region studied and for its different functional kb region studied, the four-gamete test (Hudson and
Kaplan 1985) detected 7, 11, and 11 recombinationparts. The level of synonymous variation was generally

higher than that of silent variation in the flanking re- events in the history of the samples from Montblanc,
Lamto, and Malawi, respectively. Linkage disequilib-gions. Nonsynonymous variation was an order of magni-

tude lower than synonymous variation, but still rather rium between informative sites (for which the rarest
variant is present more than once in the sample) washigh as compared to that in other genes whose expres-

sion is not sex-related (Civetta and Singh 1998). In estimated separately for each population, as significant
pairwise association between polymorphic sites can re-the sample from Montblanc, estimates of nucleotide

variation were slightly lower than in the two African sult from admixture of differentiated populations. The
percentages of comparisons that showed a significantsamples. Neither the Tajima test (Tajima 1989) nor the
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TABLE 2 gence seem to vary concordantly along the region stud-
ied. The Hudson, Kreitman, and Aguadé (HKA) testGenetic differentiation
(Hudson et al. 1987), which compares polymorphism
and divergence in two regions, was applied to silentMo-La Mo-Ma La-Ma
variation. The region studied was divided into 59 flank-

Total ing and rest, 59 flanking and coding, and coding andFst 0.221 0.127 0.062
39 flanking; in none of the population samples did theProb 0.000 0.003 0.055
different HKA tests reveal any departure from the neu-59 region
tral expectation of a direct relationship between levelsFst 0.276 0.114 0.093

Prob 0.000 0.016 0.014 of polymorphism and divergence (results not shown).
Coding Unlike the HKA test, the different tests of heterogeneity

Fst 0.146 0.062 0.066 in the ratio of polymorphism to divergence across a
Prob 0.001 0.011 0.049

given DNA region developed by McDonald (1996,39 region
1998) do not require any a priori partition of the regionFst 0.212 0.255 0.033
studied. When these tests were applied to the Acp29ABProb 0.003 0.002 0.049
region, no heterogeneity was detected (results not

Mo, Montblanc; La, Lamto; Ma, Malawi. Fst, which measures shown).the proportion of nucleotide diversity attributable to variation
Amino acid replacement polymorphism and diver-between populations, was estimated from the average number

gence: Six replacement polymorphisms were detectedof differences between alleles according to Hudson et al.
(1992a). Prob, probability assessed by the Hudson et al., in the Acp26AB protein (Figure 3). Three polymor-
(1992b) permutation procedure, using K *

s as the test statistic. phisms (at residues 59, 113, and 153) segregated in the
three populations. Although they were all present at
intermediate frequencies in the combined sample, only

association using the x2 test were 28, 16, and 8% for the two variants at residue 153 (Met/Lys) were present
Montblanc, Lamto, and Malawi, respectively. Only in at similar frequencies in the three population samples:
the sample from Montblanc was there some clustering 0.33, 0.29, and 0.38 for the less frequent variant in Mont-
of linkage disequilibria. blanc, Lamto, and Malawi, respectively. The two putative

Silent nucleotide polymorphism and divergence: Ta- glycosylation sites (Wolfner et al. 1997) were monomor-
ble 1 gives a summary of silent and/or synonymous phic in D. melanogaster and conserved between species.
nucleotide divergence. As in the case of polymorphism, In contrast, of the eight putative peptidase cleavage sites
the highest estimate corresponds to synonymous diver-

described in D. melanogaster (Wolfner et al. 1997), two
gence and the lowest to the 39 flanking region. As shown

were polymorphic in this species (at residues 29 andin Figure 2, levels of silent polymorphism and diver-
113), and no putative cleavage sites were present in D.
simulans at residues 29, 97, and 112.

According to neutral predictions the ratio of nonsyn-
onymous to synonymous changes should be the same

Figure 2.—Sliding window plot of silent polymorphism (p)
in the sample from Lamto and divergence (K) between this Figure 3.—Amino acid replacement haplotypes and their

absolute frequencies in three natural populations of D. melano-population and D. simulans, plotted using a window of 200
silent nucleotides. Silent polymorphism was multiplied by the gaster. Numbers in the first row indicate the amino acid residue

in the D. melanogaster protein. Dots indicate same amino acidtime of divergence as estimated by the HKA test. The box on
the x-axis represents the coding region. Nucleotide positions as in the first sequence. The bottom line shows the amino

acids present in D. simulans in those sites. Mo, Montblanc; La,were numbered according to the sequence in Wolfner et al.
(1997). Lamto; Ma, Malawi; mel, D. melanogaster.
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within and between species. The McDonald and Kreit- Nucleotide sequence variation and function: Al-
though function can only be established experimentally,man (MK) test (McDonald and Kreitman 1991) con-

trasts this prediction by comparing the number of non- studies of nucleotide sequence variation have been of-
ten used to implicate selection and functional con-synonymous and synonymous changes that are

polymorphic within species and fixed between species. straint. Generally, those studies have involved compari-
son of distantly related species, and the presence ofThis test was applied separately to each population and

to the combined data set (Table 3). In all cases there highly conserved sequences has been considered an
indication of functional constraint and, therefore, ofwas an excess of fixed nonsynonymous changes, which

was significant (for Montblanc and Lamto) or margin- purifying selection acting on those regions. Here, we
have compared sequences from the same species andally significant (for Malawi and the complete data set).
from a very closely related species. Consequently, our
approach was different, and we looked specifically for

DISCUSSION variation at putative functional sequences. Figure 4
shows three different sequences of the Acp29AB trailerNucleotide polymorphism and divergence: As in pre-
region found in our survey. D. melanogaster populationsvious studies of nucleotide variation that included Afri-
segregate for an 11-bp deletion that includes the pre-can samples of D. melanogaster (Begun and Aquadro
viously described polyadenylation signal (Wolfner et1993, 1995; Aguadé 1998), variation at the Acp29AB
al. 1997). However, a new poly(A) addition signal resultsregion was higher in the African populations than in
from this deletion (Figure 4), which is displaced threethe European population, and this latter population
nucleotides from the polyadenylation signal describedshowed a higher level of linkage disequilibrium. Also,
by Wolfner et al. (1997). Although D. simulans alsogenetic differentiation at this region was highly signifi-
presents an 8-bp deletion in that region relative tocant between the European population and any of the
D. melanogaster, this deletion does not affect the polyade-two African populations. In a similar way to the Acp26A
nylation signal.region (Aguadé 1998) but unlike that previously re-

Some amino acid replacement changes affect putativeported for the Adh region (Bénassi and Veuille 1995;
peptidase cleavage sites both within and between spe-see, however, Veuille et al. 1998), the African popula-
cies. Corresponding to the sites segregating in D. melano-tions were either marginally or slightly differentiated.
gaster (at residues 29 and 113), D. simulans has the lessThe levels of silent polymorphism and divergence
frequent variant in D. melanogaster, which at residue 29vary along the region studied (Figure 2). As reported
is characterized by the loss of a peptidase cleavage se-for other genes, variation at synonymous sites of the
quence. In the case of residue 29, the loss-of-site variantAcp29AB gene was higher than in its flanking regions,
is present only once in the sample from Malawi. Inwhich indicates stronger selective constraints in those
contrast, at residue 113 it segregates in all three popula-regions. The 39 flanking region showed the lowest esti-
tions and in the complete sample it is present at highmates even when only the 185 nucleotides between the
frequency (61.5%). As D. simulans has lost the putativeAcp29AB coding region and the detected open reading
cleavage site at residue 112, it is tempting to speculateframe were considered: p 5 0.0072 and K 5 0.103.
that in this species the cleavage site at residue 113 mightIf this open reading frame was a functional gene, the
be functional. On the other hand, in D. melanogaster theintergenic region would not only contain the Acp29AB
gain of function at residue 112 might compensate fortrailer but also some regulatory sequences of this new

gene, which would also contribute to constraining varia-
tion at this region.

TABLE 3

McDonald and Kreitman tests

Fs Fns Ps Pns Prob

Montblanc 33 37 10 3 0.047*
Lamto 33 37 12 4 0.043*
Malawi 33 36 13 5 0.064

Figure 4.—Nucleotide and length changes affecting themel 33 36 15 6 0.057
polyadenylation signal in D. melanogaster (first two rows) and
D. simulans (last row). Boxed nucleotides indicate the polyade-Fs, number of synonymous fixed differences between spe-

cies; Fns, number of nonsynonymous fixed differences between nylation signal. Arrows on top of the first sequence indicate
the extent of an 11-bp deletion segregating in D. melanogasterspecies; Ps, number of synonymous segregating sites; Pns, num-

ber of nonsynonymous segregating sites. mel, all D. melanogas- that causes a 3-bp displacement of the polyadenylation signal.
Arrowheads below the first sequence indicate a deletion thatter lines. Probability established with a G-test with Williams’

correction for continuity. * 0.01 , P , 0.05. differentiates D. simulans from D. melanogaster.
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the loss-of-function variant segregating at residue 113. phisms and, therefore, has prevented the test proposed
by these authors on the frequency spectrum of newAlso, two of the changes fixed between species might

be compensatory. In fact, in both D. melanogaster and mutations. However, a preliminary analysis based on
only the D. melanogaster-D. simulans comparison did notD. simulans there is one additional but different putative

cleavage site close to the conserved sites at residues 202 reveal any excess of sites with the new nucleotide in
high frequency (analysis not shown).and 203: at residue 204 in D. melanogaster and at residue

201 in D. simulans. If these additional sites were func- There is one last scenario to be discussed, which com-
plements the scenario proposed by Civetta and Singhtional and sites 202 and 203 were not, the loss in D.

simulans of site 204 might compensate the gain of site (1998): the possibility of directional selection having
driven the amino acid replacement fixations between201.

Nonsynonymous variation and selection: Unlike the species in the early stages of speciation and some sort
of balancing selection maintaining variation in D. mela-case of the Acp26Aa gene where the Ka/Ks ratio was

close to one in the D. melanogaster vs. D. simulans compar- nogaster populations. This would be a somewhat similar
scenario to that for the Adh locus, where positive selec-ison, for the Acp29AB gene this ratio is lower than one.

This would indicate that Acp29AB, like Acp26Ab and tion has driven the evolution of the Adh protein in the
melanogaster group (McDonald and Kreitman 1991),Acp70A, has more constraints on its variation than Ac-

p26Aa. However, in the case of the Acp29AB gene the and balancing selection is maintaining the AdhF/AdhS

allozyme polymorphism in D. melanogaster populationsKa/Ks ratio was threefold higher than the pa/ps ratio
for the complete data set 0.327 and 0.09, respectively. (Kreitman and Aguadé 1986; Kreitman and Hudson

1991; Berry and Kreitman 1993). In the case of theAs previously mentioned (see results), if variation in
this region were neutral, one would expect this ratio to Acp29AB gene, there is no clear evidence of its polymor-

phism being adaptive. There is, however, some indica-be the same. Meanwhile, the fixation of advantageous
amino acid replacement changes would cause a devia- tion in that sense from the study by Clark et al. (1995)

that showed a significant difference between males ho-tion of this ratio from constancy due to a higher than
expected nonsynonymous divergence. Similarly to syn- mozygous for the two SSCP morphs detected for this

gene in their ability to defend against sperm displace-onymous polymorphism, the estimated synonymous di-
vergence (Ks) between D. melanogaster and D. simulans ment.

The possible involvement of Acp29AB in sperm dis-lies on the upper part of the range of estimates for
other genes, which indicates that the deviation from a placement will have to be assessed by functional studies.

If variation at this protein affected this or some otherconstant ratio is due to a higher than expected nonsyn-
onymous divergence (Ka). In fact, application of the MK component of fitness, any of the three amino acid re-

placement polymorphisms that segregate in the threetest to the different populations surveyed and to the
complete D. melanogaster sample revealed a significant populations surveyed might be candidates for being the

targets of selection. It is easy to speculate how changes inor marginally significant excess of nonsynonymous fixed
differences between D. melanogaster and D. simulans (Ta- those residues might affect the function of the Acp29AB

protein and, therefore, contribute to the detected differ-ble 3). This indicates that at least after the split of the
D. melanogaster and D. simulans lineages the evolution of ences of fitness. For example, residues 131–214 in the

C-terminal part of the Acp29AB protein show similaritythe Acp29AB protein was driven by directional selection.
The Acp29AB gene is not, however, depauperate of at the primary sequence and predicted tertiary structure

levels with carbohydrate recognition domains (CRDs;genetic variation as would be expected a priori for a
region having suffered the fixation of advantageous W. Swanson, personal communication). Two of the

amino acids reported here as variable, residues 153 andamino acid replacements. Different scenarios would be
compatible with this observation. If as proposed by Civ- 214, would map within this CRD. Perhaps changes at

these positions are functionally important, modifyingetta and Singh (1998) the burst of amino acid replace-
ments in sex-related genes occurred very close to specia- the CRD’s carbohydrate recognition specificity. Interest-

ingly, variants at residue 153 segregate at rather similartion (2.5 mya), the time back to those selective sweeps
would be longer than the expected time of coalescence frequencies in the three populations, which might also

suggest that this residue is a candidate for contributingof extant variation in D. melanogaster (Eanes et al. 1996;
Aguadé 1998). On the other hand, if as suggested by to putative fitness differences.

If selection were acting to maintain an amino acidTsaur et al. (1998) the fixation of amino acid replace-
ment mutations were due to a weak advantage of such polymorphism, one would expect that variants sur-

rounding that site were at linkage disequilibrium. Also,mutations, the extent of the region affected by the corre-
sponding selective sweep might be rather short and its if selection were maintaining the same alleles in the

whole distribution area of the species, the same cluster-footprint on nucleotide diversity difficult to detect. Lack
of the sequences of D. mauritiana and D. sechellia for the ing of linkage disequilibria would be expected in the

different populations surveyed. However, the extent ofAcp29AB region has precluded unambiguous establish-
ment of the ancestral state of the detected polymor- the region exhibiting linkage disequilibrium might be
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DnaSP program, W. Swanson for comments on the manuscript and
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Universitat de Barcelona for automated sequencing facilities. Specialulations. Balancing selection leaves a characteristic foot-
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for her insightful comments on the manuscript; and to D. Salguero

sites with variants at intermediate frequencies. Also, an for his excellent technical assistance. This work was supported by
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